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This exercise study assessed the relation between
valvalar resistance and flow in patients with atitral sleflosis .
Background. ValvaLgir
resistance has been proposed as an
alternative measure of stenotic valvular lesions, which is spern-
lated to remain stable under changing hemodynanue conditions .
Methods . In 3.1; of 40 patients ivith pure or predominant mitral
stenosis, continuous wave Doppler kneasurements of the mitral
stenotic ;et were lwssible at rest and during supine bkyele
ergometry. Simultaneously, transvalvular now was assessed by
thermodilution technique. For calculation of valvular resistance,
the mean naltral valve pressure gradient was determined accord-
ing to the simplified Bernoulli equation and divided by transvol-
vadar flow . Additionally, effective mitral valve area was calculated
according to the continuity equation method, dividing flow by the
mean diastolic flow velocity .
Results . Valvular resistance was 65 t 32 dynes-s-can -s at rest
and increased to 82 ± 43 dynes-s-cm -5 at 25 W (p < 0.001) . The
It has been advocated that the exercise-induced increase in
transvalvular flow does not truly alter valve area in patients
with mitral stenosis (1,2) . However, because of the difficul-
ties in quantifying mitral valve area during exercise, the
relation between valve area and flow has not been system-
atically analyzed. A recent study described a flow-dependent
increase in mitral valve area, calculated according to the
Gorlin formula, after the administration of isoproterenol (3) .
However, the validity of the Gorlin formula under varying
hemodynamic conditions Us &en questioned (4-9) .
Valvular resistance has been proposed as an alternative
measure of stenotic valvular lesions That might be superior to
calculations of valve area in aortic (6,7,16) and Q1,eno-
sis (3)
. The aimm of this study was to assess valvular resis-
tance and mitral valve area under changing hemodynamic
conditions in patients with mitral stenosis . We applied a
combined Doppler-thermodilution technique (11) that allows
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most prominent increase in vaivular resistance (rest to 25 63 ±
28 to 95 :k 43 dyaes-s-cm - ", p < 0.00!) was found in these
patients who had no or only a moderate (<20%) chavc!e in
effective milral valve Brea . In contrast, vaivular resistance re-
mained constant (67 ± 36 vs. 70 :t 32 dyiaes-s-cm -
s) in r , i -
with :a
significant
( -r20%) increase in mitral valve area vith
exercise .
Conclusions. In patients with aukral stenosis, the expreise-
induced changes in valvular resistance are heterogeneous . This is
the umll of the variable response of mitral valve am to an
increase in flow . In the individual padent, milral valve am can
significantly increase, a factor that b2S to be taken into account
hen interpreting the hemodynamic relevance of the obstruction .
Calculated vaivulair resistance is Hew dependent and has no
advantage over valve area calculations for quantifying mitral
stenosis.
(J .4m Coll Cardiol 1993;22 :777-82)
reliable quantification of valvular resistance and valve area
at rest and during exercise .
Meth(mls
Study patients. The study was performed in 40 patients
with a mean age of 53 ± 12 years . Only patients with a high
quality Doppler signal of the mitral stenotic jet at rest were
Included in the study . Patients with significant ii n tral regur-
gitation (grade >1+), dyspnea at rest (New York Heart
Association functional class IV) or tachycardia (>85 beats/
min) were excluded . Eight patients had a history of prior
surgical commissurotomy of the initral valve ; no patient had
undergone balloon valvuloplasty. In 35 of the 40 patients, an
excellent Doppler signal with clear visualization of the
maximal velocity curve could be achieved at th ;
; 25-W
exercise level
. These patients formed the study group . The
clinical characteaistics of the patients are summarized in
Table 1 .
Measurements
. In all patients, right heart catheterization
was indicated to elucidate the hemodynamic relevance of the
obstruction and to stratify further clinical management
. A
conventional Swan-Ganz catheter %&as inserted percutane-
ously through the brachial vein to measure pulmunary
070 MIRIAM
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Table 1 . Clinical Characteristics of the 35 Study Patients
capillary wedge and pulmonary artery pressures . Cardiac
output was then determined in triplicate, according to the
thermodilution technique, using 10 ml of ice-cold saline
solution . Simultaneously, transmitral flow velocity was reg-
istered b) continuous wave Doppler ultrasound (Toshiba
SSH 65A) using an apical probe position (2.5-MHz transduc-
er). To record the maximal transmitral inflow velocity the
angle of the ultrasound beam was adjusted with the guidance
of the color Doppler signal.
After measurements at rest, exercise was performed
using supine bicycle ergometry . In all patients, submaximal
exercise was achieved with a work load of 25 W on a steady
state level below the anaerobic threshold (12). Registration
of the pressure curves and simultaneous thermodilution and
Doppler measurements were repeated during exercise ac-
cording to the protocol at rest .
AP - ataial fibrillation ; AR -, aortic regurgitation
; Comm = commissurotomy ; Dig = digitalis ; F -- female
; M =
male; MR
-
mitral tegargitatioh ; MV Chic
z
atitral valve calcification ; NYRA = New York Heart Asseciation
;
Pt
r
pa loin ; Sot = sotalol ; SR
n
sinus rhythm ; TR
a
tricuspid regurgitation
; Ver = vcrnpamil . - = absent; +
present .
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Data analysis . From the measurements at rest and during
bicycle exercise, 3 to 5 beats yielding high quality Doppler
images w#th clear definition of the maximal transmitral
velocity were selected for quantitative analysis .
Diastolic flow. Stroke volume (SV) was divided by the
diastolic filling time (DFT) to calculate mean diastolic flow
(Flow) .
bieein mitrul valve gradient and meant flow velocity .
To determine the mean pressure gradient (QPme,,„) accord-
ing to the simplified Bernoulli equation (13-15), the en-
velope curve of the transmitral flow velocity was de-
fined using a semiquantitative analysis system (Kontron) .
This system provides the correct calculation of the
mean pressure gradient, which is the mean value of the
instantaneous pressure gradient at each point during
diastole :
Pt
No .
Age (yr)l
Gender
NYHA
Functional
Class SRJAF
Cardiac
Medication
MR AR
TR
Prior MV
Comm Calc
1 401F lI SR
I+ 1+
2 591F
III AF Dig I+
3
491M ii-Ill SR Dig, Ver l+
+
4 691F III AF Dig
I+ 1-2
5 58/F
III
AF
Dig, Vet
z+ 2+
6 611F It AF Dig l+
1+
7 501F 11 .111 SR
I+ !+
8 671F
lit
AF
Dig I+ I+
9 541F
Ill AF Dig
!0 591F sit - . Vcr I +
II 541F Al: Dig - I+ -
12 61(M It SR
13 (1/F Ill Al' Dig I + I--2 1 +
14 491E Ill Sit 1+
I+
15 3 III SR 2-3 2+
16 621F
ill
Al
: Dig l+
I+
I7
SOX
III Al: Dig 1+ 1+ . r
IS 381F :11 AF Dig, Ver !+ 2+ 1-"
19 351M
Il-tit
SR - 1+
20 591F
II!
AF
Ver I +
1-2
21 241F III SR 2+ !-2
22 561F Ill SR Dig
1 +
2+-
23 SR Dig
I+
1+ l.-2
24 431F it-ill st - 1 + 1-2
25 541F 11.511 AF Dig, Ver 1}
26
331F II SR 1-2
27 671F 11-ill
AF
Dig
I+
28 581F I!
AF
Dig 1+ 1+
29 39iF I I 1+ I+
30
50/F
III
Is SR 2+
31 341F Il-Ill AF
1 +
2-3
32 OF 11-111 SR Sw I+
2+
I+
+
33
51+h 111 SR Dig, leer
I+
+
34 581M 11-ill
AF Dig I+
35 37PF 11-ill
SR I+
I+
1-2
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Table 2 . Results (groups A and B and total group)
C = control CO - Cardiac output ; DO-MV6 mean Doppler mitral valve
gradient:
Flow - mean transmitral Now ; HR = heart rat,
K - calculated "mwhm Mom UQ, 4_1 MVX, - okctiv- milral valve area calculated according to the continuity equation method ; PA-11
w
mean pulmonary artery
pressure;PCW-P _,, = mean pulmonw y upbq %WP pressure ;
,,,d„ ., : .-mean Iransinilra lrow velocity ;
AP'lle.111
= mean magal Valve
gradient calculated according to the simplified Bernoulli equation ; 25 W --
measurements during bicycle exercise at a work load of 25 watts
.
Effective mitral valve area . The same Doppler curves
were used to determine effective mitral valve area according
to the continuity equation (MV A CE ) . Therefore, stroke
volume (SV) is divided by the diastolic time-velocity integral
(DTVI) of the mitral stenotic jet, where the diastolic time-
velocity integral is equal to the product of the mean trans-
mitral flow velocity (v	) and the diastolic filling time
(DFT) :
SV SV Flow
MVAu [cm] = --- = =
-
. [31
DTVI v,,,,_TT
Vmean
Relation between effective mitral valve area according to
the continuity equation (M VAcE) and valvular resistance (VR) .
To establish a relation between mitral valve area and valvu-
lar resistance, the mean pressure gradient (equation 2) has to
be replaced . The difference between the square of the mean
mitral flow velocity [(Vmean ) 2 ] and mean square velocity ( 7v;)
requires the introduction of a correction factor K :
This formula expresses the relation between valvular resis-
tance (dynes
S.CM-5
) and mitral valve area
(CM).
Statistics . Statistical significance was determined by ap-
plication of the Wilcoxon test (p < 0 .05) . The differences
between the subgroups were evaluated by application of the
Wilcoxon U test (ivlann-Whitney) .
Results
Hemodynamle and Doppler measurements (Table 2) .
Heart rate increased from 68 ± 10 beats/min at rest to Ifi) ±
18 beatsimin at 25 W
. Calculated transvalvular flow revealed
an exercise-induced increase from 127 ± 26 to 220 ± 57 ml/s .
Mean mitral valve gradient (13!,moulli equation) was 6 ±
3 mm Hg at rest and increased to 13 ± 7 mm Hg at 25 watts
.
Mean transmitral flow velocity revealed an increase from
116 ± 28 to 168 ± 47 cm/s
. Calculated K remained constant
(rest 1 .10 ± 0. 10, 25 W 1 .11 ± 0 .09)
. No relation was found
HR
(beat%lmin)
CO
(liteis"Min)
Flow
Inilis)
PCW-P,,,_.,
(mm 11g)
PA-P._,
(mm Hg)
DO41VQ,
11
"
.
(nom Hg)
s',
(cents) K
MVA .`
:_
(cm')
Resistance
Idynes-s-cm -
C 25 W C 25W C 25W C 25W C
2
5W'
C 25WC
25W
C 25W
C 25W C 25W
Mean 69 102 4 .0 5 .8 125 192 17 30
Group A in = 17)
(4 (14 (71 1 .07 1 .11
IA 1 .2 63 95
23 43
*_SD II 22 0.7 1 .2 20 39 6 9 6 13
2 8 24 51 0 .11 0 .12
0.2 0.3 28 48
	 J
L____J
P < 0 .001 NS
P < Owl
Mean 66 99 4 .3 7 .3 130 247 (4 31
Group B In = 18)
13 118 166 1 .11 1 .1 1
1 .1 1 .5 67 70
22 42 7
-±-SD
9
14 0.9
1 .4
32
60
5
11
6
9
4
6 33 42 0 .12 0.07 0.3
0 .3 36 32
L___ I
L____J L____J
p < 0 .001
p < 0 .001 NS
Mean 68 99 12 6 .6 127 120 0 31
Total Group In --
35)
13 116 50 iA0 1 .11
1 A 1 .4 65 82
22 42 6
OD 10 t18 ±0 .8 ±1 .5 N 57 16
110 ±6 ±11 ±3 Y7 2%
47 0 .10 019 102 04 02 ±43
L____1
L__J L .J
ppe
:0.00) p<0
.0131 p< owl
n
~Pman = K
, 4(v,,,,,)2 . 141
I I
Vi + V2 +
3
EK,
+ V ,
i
=
l
K -
4(Vmean)2
AP,,,,,
[rum Fig] - 4 =4-4v,
1 10
P]
VR = 1,333 151
n S
Flow
3 yields :
Flow
Additionally, the instantaneous diastolic flow velocities were
Rearrangement of equation
averaged to determine the mean transmitral flow velocity
(v
mean)* Vmear
ml
s
.102
MVAC r
[61
in
Resistance
. For calculation of valvular resistance (VR),
a conversion factor for pressure has to be included to express
resistance in metric units (1 mm Hg = 1,333 dynes-s-cm
-2 ) :
Thus, mean mitral flow velocay can l .e introduced
equation 5 :
APtucan
Flow Flow
VR [dynes - s - cm -5 ] = 1,333
Flow
121
171
VR = 1 .333 .4
.
10-4
- K
., 15B2 . K
2
.
NFIVAIT NVIVA,
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Flgvne 1 . EtTiea of exercise on valvular resistance (left) and effective
mitral valve area determined according to the continuity equation
method (MVAcn) (right) .
between K and effective mitral valve area, valvular resis-
tance or transvalvular flow .
VWvWar resistance and mitral valve area (Table 2). Cal-
culated valvular resistance was 65 ± 32 dynes-ocni -5 at rest
and increased to 82 ± 43) dynes
.S.CM 5
at 25 W (p < 0 .001) .
Effective mitral valve area increased from 1 .1 ± 0.2 cm2 at
rest to 1 .4 ± 0.4 cm
2
at 25 W (p < 0 001) (Fig. 1) . At rest and
Figure 2. Relation between valvular resistance and effective mitral
valve area determined according to the continuity equation method
(MVAcu) at rest (A) and 25-watt exercise (B) . The straight line
demonstrates the valvular resistanct-elfective mitral valve area
relation calculated according to equation 7 for the measurements at
rest (mean flow 127 mils) and during 25-watt exercise (120 ml/-,) .
React
Rest
['ty**M'j
y -14.5 . I
"
2
dyn-s-cm -5 RESISTANCE
200 -,
100 .
P<0101 no .
I	
1 1	1 - - -__L__1
Rest 25W Rest 26W
Or
. A (n-17)
Or. B (n-18)
Figure 3 . Subgroup analysis of the effect of exercise on valvular
resistance in group (Gr.) A (change of mitral valve area <20%)
ve: ms group B (change of mitral valve area ~ 20%) .
during exercise, valvular resistance revealed an exponential
relation to the effective mitral valve area (Fig . 2) .
Subgroup differentiation (Table 2). Those 17 patients with
an increase of effective mitral valve area <207o constituted
group A, whereas 18 patients with an increase X20% con-
stituted group B . The two groups were not different with
regard to the clinical severity of the disease represented by
the New York Heart Association functional classification,
the prevalence of cardiac rhythm (sinus rhythm vs . atrial
fibrillation) and the severity of the obstruction (that is, mitral
valve area at rest). Additionally, the exercise-induced in-
crease in pulmonary capillary wedge pressure was compara-
ble in both groups . Valvular resistance, however, revealed a
significant increase in group A (rest to 25 W 63 t 28 to 95 t
48 dynes-s-cm -5 , p < 0.001), whereas patients in group B
showed no change (67 ± 36 vs . 70 ± 32 dynes-s-cm - 5 ) . The
difference in the mean change in valvular resistance in both
groups was statistically significant : group A 53 t 43%, group
B8±21%® (p < 0.0 11 (Fig . 3) .
Discussion
It has been speculated that valvular resistance, defined as
the mean pressure gradient across the valve divided by mean
flow rate, is not flow dependent and thus may be a better
hemodynamic indicator than Gorlin valve area in stenotic
valvalar lesions (3,6,7) . In a subgroup of our patients,
resistance remained stable during exercise, suggesting a
linear pressure-flow relation . However, the additional calcu-
lation of mitral valve area disclosed that the linear pressure-
flow relation was due to an increase in mitral valve area in
these patients
In our study . the continuity equation method was se-
lected for calculation of effective mitral valve area . It has the
advantage over the Gorlin formula that conversion of pres-
sure to velocity data is not necessary . The method is based
on the principle of conservation of mass ; thus, its accuracy
JACC Vol . 22, No . 3
September 1993 :777-82
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in the calculation of effective valve area is theoretically
independent of flow . The method is valid as long as no
significant left to right shunt or significant mitral regurgita-
tion occurs . It is also superior to the pressure half-time
method, at least in subgroups of patients with mitral stenosis
In our study, stroke volume was determined by
simultaneous thermodilution measurements (11) . This method
is more reliable than echocardiographic measurements of
stroke volume, which may be difficult to obtain, especially
during exercise .
In the total study group, calculated mitral valve area
significantly increased from 1 .1 ± 0.1 cm 2 at rest to 1 .4 :t
0.4 cm2 at the 25-W exercise level . Our results are in
concordance with the study of Beyer et al . (3), who found an
increase in Gorlin valve area after infusion of isoproterenol
in 17 patients with mitral stenosis . In contrast, Braverman et
al. (I) could not document an increase in valve area with
exercise. This discrepancy may be explained by a difference
in the exercise-induced increase in flow 119% in their study
compared with the 73% increase in our patients) . Braverman
et al. (1) applied the continuity equation method, using
echocardiographic measurements of the aortic or pulmonary
valve ring. Outflow tract diameters were not measured
during exercise, but were assumed to remain constant . This
may cause an underestimation of stroke volume and calcu-
lated mitral valve area during exercise .
The theoretically derived relation between valvular resis-
tance and mitral valve area is expressed :1 equation 7 . This
formula is valid under the assumption that calculations of
both valvular resistance (equation 2) and mitral valve area
(equation 3) are reliable for all flow ranges . A correction
factor K was introduced to account for the difference be-
tween the square of the mean flow velocity and the mean
squa , e velocity . The correction factor K is dependent on the
shape of the velocity flow curve and was 1 .1 ± 0.1 in our
patients, which expresses a mean 10% underestimation of
the pressure gradient using the square of the mean velocity
in the simplified Bernoulli equation . Figure 4 demonstrates
the valvular resistance-effective mitral valve area relation
calculated for distinct flows from 50 to 400 ml/s . The mean
value ± SD for group B moves in a more horizontal
direction, whereas in patients with no change in valve area
(group A), it moves more vertically . Figure 4 demonstrates
that both valvular resistance and valve area should be
related to flow to fully define the hemodynamic relevance of
the valve stenosis .
Because of the squared relation between valvular resis-
tance and mitral valve area, it is obvious that mitral valve
area is less flow dependent than valvular resistance . For
example, in a stenosis with a fixed mitral valve area of 1 cm 2 ,
a twofold increase in flow (100 vs . 200 ml1s) doubles valvular
resistance (60 vs. 120 dynes 'S
.CM 5) .
In contrast, the same
increase in flow requires "only" an increase in valve area
by a factor N/2- = 1 .4 for a constant valvular resistance
(60 dynes
. S .CM-5) .
Resistance
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Figure 4. Relation between valvular resistance and mitral valve area
determined according to the continuity equation method (MVACF ),
calculated for distinct flows between 50 and 400 mils according to
equation 7 (correction factor K = 1 .1) . For group A (Gr . A, change
of mitral valve area <20%) and group B (Gr . II, change of mitral
valve area XM), the mean values ± SD are included .
HOW
can an increase in valve area be explained in patients
with mitral slenosis? 1) It seems obvious that an exercise-
induced increase in a stenotic valve area is dependent on the
morphology of the valve . A mild, purely fibrotic valve might
be w`iure flexible than a severely stenotic valve with heavily
calcified leaflets . Unfortunately, in our patients, calcific
valves were too rare to permit a meaningful judgment .
2) The difference between the mean and the maximal
mitral valve areaa has to be taken into account . Mitral valve
area reaches its maximal value in early diastole and can be
quantified by two-dimensional echocardiography . In con-
trast, mean diastolic mitral valve area is an average of the
instantaneous values throughout diastole and is determined
by the continuity equation method . It seems possible that
peak mitral valve area cannot be further increased, but the
mean valve area can simply be enhanced by an acceleration
of the opening and closing phases as shown in an in vitro
study of aortic stenosis (19) .
3) The increase in effective mitral valve area in our study
may not be due to an actual increase in true valve area . It
may be solely the result of an increase in the contraction
coefficient, which is the quotient of effective to anatomic
valve areas, as described by Segal et al . (9) in an in vitro
study of stenotic porcine valves .
Study limitations . Although significant tricuspid regurgi-
tation could be excluded by pulsed Doppler technique before
the invasive procedure, it might be speculated that the
severity of tricuspid regurgitation increased with exercise,
which would mimic an increase in stroke volume and calcu-
lated mitral valve area . This seems unlikely but cannot be
ruled out because quantification of tricuspid regurgitation
was not performed during exercise .
Another explanation for an apparent increase in mitral
valve area with exercise could be an overestimation of
calculated valve area due to an underestimation of the
maximal velocity during exercise . However, this is also
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unlikely because only well defined velocity curves at rest
and during exercise were evaluated .
The simplified Bernoulli equation for conversion of ve-
locity to pressure measurements may adversely affect the
accuracy of the calculation of valvular resistance. However,
this formula has been validated in several in vitro and in vivo
studies (20,21) .
A flat velocity profile was assumed, which is a prerequi-
site for accurate calculation of valve area according to the
continuity equation method (22) . The presence of a nonflat
velocity profile would impair the accuracy of the valve area
calculation .
Atrial fibrillation was present in 18 patients, which re-
duced the accuracy of flow determination. Nevertheless, this
cannot be the source of a systematic error because the same
flow measurements and Doppler velocity curves were used
for the calculation of both mitral valve area and valvular
resistance .
All patients had moderate to severe mitral stenosis . It can
be speculated that the effect of exercise on mitral valve area
would have been even more pronounced in patients with
mild to moderate mitral stenosis or in patients after valvu-
loplasty as has been described for patients with aortic
stenosis after balloon valvuloplasty (23) .
C s. In patients with mitral stenosis, the
exercise-
induced
effect on valvular resistance was heterogeneous .
Those patients with a stable valve area during exercise had a
significant increase in valvular resistance . Therefore, the
severity of the obstruction cannot be described by a single
value for valvular resistance .
Some patients with mitral stenosis may have an exercise-
induced increase in mitral valve area . Thus, in the individual
patient, the relation between valve area and flow has to be
taken into account when interpreting the hemodynamic
relevance of the obstruction.
We thank Thomas Stelzer, Dipl Ing for helpful comments and discussions
during this work .
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